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POLYPHOSPHOINOSITIDESINARTIFICIAL
BILAYERLIPIDMEMBRANES:THENATURE
OFTHECa++一GATEDCONDUCTANCEOF
LYSOTRIPHOSPHOINOSITIDECHANNEL
MasahlroSOKABE
S.1GENERAI、INTRODUCTION
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Thechangeinmembraneionicpermeabilityisoneofthecentralthemei鳳me皿brane
biology,anditsmolecularmechan三smisthegreatestmissinglink:inthestimulus-response
coupllngofexcitablecells.Althoughalargenumberofexperimentshavebeencarriedout,
anykeymoleculeswhichcontrolthemembraneper皿eabilityhavenotyetbeenidenti-
fled.Recentstudies,however,suggestedthatphosphorylatiollofcertainme皿bra颯e
compQnentsmightstronglyrelatetotheincreaseinmembraneio皿icpermeablhty
(Greengard&Kebabian,1974).
0且theotherhand,itiswellknownthatinositolphospholipidsshowarapidphospho-
rylationanddephosphorylationoftheirphosphatemoietiesdurillgmembralleexcita-
tlo血(reviewedbyMichell,1975,1979;Hawthorn&White,1975).Inositolphospho-
lipidsconsistofthreekindsof!ipids,phosphatidylinositol(PIorMPI),phospha・
tidylinositol4-phosphate(diphosphoinositide,DPI),andphosphatidylinosito14,5・bis-
phosphate(triphosphoinositide,TPI).ThestructureoftheselipidsareshowninFig.1.
Wewilhsehere,theshorternamesPI,DPI,andTPItogetherwithPPI(polyphos-
phoinosit量des)whichisthegenericmameforDPIandTPI.
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Fig.1Structureofinositolphopsholipids:(a)PI(MPI),(b)DPI,(c)TPI.
(mod迂iedfromMichell,.1979)
PIisthemajorinositollipidinmostcellswithmuchsmallerquantitiesofDPI
andTPI.Thei皿terconversionoftheselipidsisthroughATP-dependentkinasesaRd
phosphomonoesterasesas.follows(modifiedfromKai&Hawthom,1969):
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PIk三nase
PI十ATP→DPI十ADP
DPIkinase
DPI十ATP→TPI十ADP
TPIphosphomonoesterase
TPI十H,0→DPI十inorganicphosphate
DPIphosphomonoesterase
DPI十H、0→PI十inorganicphosphate.
PPI,especiallyTPIhasbeenspeculatedtohaveak:eyroleillthecontrolofio皿
permeationduetoitsuniquebioa且dphysicochemicalpropertiesasfollows.
(1)AlthoughTPIisatracelipidi且 皿osteukaryoticce11,itisfoundinsignificant
amountsinexcitabletissues.Moreover,itissuggestedtobe .concentratedat
plasmamembranes(Michell,1979).
(2)Itshowsrap三dturnoverrateoHtsmαnoesterphosphates,which皿aybe
increasedwithappropriatestimulation(Abdel-Latifetal.,1978Birnbergeret.al.,
1971;Brockerhoff&Ballou,1961;Dawson,1969;Tret'laketal.,1977;
Torda,1974).
(3)Ithasanextraordinarilyh玉ghaffinityforCa++(Hendrickson,1969),andshows
hydroph量lic-hydrophobictransitionwithCa++bi且ding(Fig..2).Theaffinity
forCa++issigllificantlydecreasedwiththehydrolysisofitsmonoesterphos-
phates,thuslntheorderTPI>DPI>PI(Hendrickson&Reinertsen,1971).
Thesepropertiestogetherwiththe .factthatCa++regulatestheunivalentcation
permeabilityofIlervemembranesledtothehypothesisthattheinterconversionof
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F三g.2Changesintheturbidity(at350mm)ofTPIaqueoussolution
bysuccessiveadditio且ofCaCl2(1ef重handside:closedcircle)
andofNaCl(righthandsIde:opencircle).Ca++increased
thehydrophob三cityofTPI,wh三1eNa+decreaseditbyreleasing
boundCa++.(modifiedfromSokabe,1975)
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theselipidsmayco且trolthemembraneionicpermeabilityviabindingandreleaseof
Ca++(Kai&Hawthorn,1969;Hendrickson&.Reinertsen,1971,忌eeFig.3).However,
thishypothesisseemshardlytobetesteddirectly6且biologicalmembranesbecauseof
itsmolecularcomplexity.So,wewouldproposehereasimplerworkinghypothesis:
``TPImayformanionicchannelofwhichc
o且ductanceisregulatedbyCa++",which
canbetesteddirectlyo且artificialbilayerIipidInembranes(Fig.4).Accordingtothis
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Fig.3Possiblecontrolofmembranepermeability.byPPI.Hydrol sis
ofTPUeadstoopenthechannel .byreleasin毬boundCa++.
(lnodifiedfromKai&Hawthorn,1969)
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Fig.4HypothesisfortheCa++一gatedchannelmadebyTPI.
Hydrophobic-hydrophilidchangeofTPIinducedbytherelease
ofboundCa++1eadstoopentheTLPI・channe1.
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1ine,wetriedtoincorporateTPIintoartificialbilayerlipidmembranes.Theintact
TPI,however,hadnoeffectonthemembranepermeability,buttraceamountsof
lysoTPIanautoxidizedproductofTPIdrasticallydecreasedthemembralle.reslsta且ce
byformingstablecationicchan且els.
Wewillpresent,inthisreport,asummaryofourflndingsonthislysoTPIchannel.
Inthenextsectio皿,bas三ccharacterist三cssuchasionspecificitiesandcurrent-voltage
characteristicsofthischannelaredescribed.Mainconcernofthisreportisonthe
physcochemicalmechan量smoftheCa++一effec亡o且theullivale皿 亡catig皿permeabihtyof
lysoTPIchaHnel,whicharecloselydescribedinSec.3&4.Inthefinalsection,
basedonourrecentfindings,somebiologicalcorrelatesofIysoTPIchannelwiilbe
discussed.
S,2BASICCHARACTERISTICSOFLYSOTPICHANNEL`
Here,afterourpreviousworks(Sokabe,1975;Sokabe&Hayashi,197$,Hayashi,
Sokabe,Takagi,Hayashi&Kishlmoto,1978),thebasiccharacteristicsoflysoTPI
channelsuchas(1)permeantionspecificity,(2)inhibitoryionspecificity,a且d(3)
current-voltagecharacterlsticswillbesuhmarized.
σ.M6励mη6!oη 初 畑 ση48Z60'7吻1耀83膨 初 θη'
PreparationoflysoTPIandmembraneforming皿aterial(oxidizedcholesterol)are
describedinthenextsection(S.3.Matterials&Methods),
Membraneformingchamberisshowni皿Fig.5(2cmIe卿h,6cmwldth,2cmheight).
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Fig.5Schematicdiagramofapparatusfortheformatio皿ofthemembrane
andfortheperfusionofaqueoussolution.a,1nembranehole(1.3mm
dia.);b,feederhole(0.7mmdia.);c,septum(1.5mmth三ckness);
d,Teflontube;e,KCI/agarbridgeandAg/AgClelectrode;f,
maglleticstirrerbar;g,glasswindow;h,inletofperfusingsolut量on
(Teflontubewithastopcock);iand.」,bufferingvessel;kandl,
slphon;皿,level・controllingsliphon,
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ThechamberwasmadeofDiflonblocks(DaikinCo.Ltd.)exceptfortheglass
windowsattachedtothefrontandbacksidesofthechamber.Thechamberhad
verticalseptum(1.5mmthlck旦ess)inwhichamembraneformlnghole(1.3mm
diameter)waslocated.A且o量lfeederhole(0;7m血diameter)wasdrilledthroughthe
chamberseptu皿.tothe皿embranehole,thlsholewasco皿ectedtothesyringefrom
whichmembra且eformingoilwassupplied.TwoTeflonstirringbarswerepla6edill
eachcompartment(7mlvolume),andsiphonsystemwasequippedfortheper正u串ionof
aqUeOUSSOIUtiOnS.
Aftereachchamberwasfilledwith5mlof10mMTris/Cl(pH7.5),athickbicon-
cavelensofoxidizedcholesterolsolutionwasfor皿edattheholeandwasthen
suckeduptoformacoloredmembrane,whichspontaneouslybecameablackmembrane
inafewminutes.1ysoTPIandCaCl、wereaddedtobothcompartments,thenthe
membranewasincubatedinthismediumfor5minuteswithgentlestirring.Underthis
condition,1ysoTPI-Ca++complexwas量ncorporated量ntothebIack皿embraneto
formionicchannels.Ifnecessary,bulksolutionscouldbeperfusedwithlysoTPI・free
buffertostopthesuccessiveincorporationoflysoTPI.Asmallqロantitiesofconcentra-
tedsolutionsofelectrolyteswasaddedtoeitheroneorbothbulksolutionsinorder
tochangetheio且iccomposition.
Thecurrent-voltagecurveofthismodifiedmembranewaslinearprovidedthatthe
appliedvoltagewaslessthal120mV(seeFig.10).Therefore,zerocurrentco且duc-
tallceoftheエnembranewasobtainedbyapplylnga10mVrectangularvoltageofO.5
secduratlonandbymeasuringthecorrespondingcurrentusingaIowdriftFET・top
operationalampiifier(Teledyne・Philblick,1023).AnAg/AgCIelectrodewasemployed
forelectrcalmeasurement.Itmadeco且tactwiththesaturatedKCIsolutioninthe
shank:oftheglasstubewhichwas .connectedtotheaqueousphaseofthechamber
bymeansofasaturatedKCI/agarbridge(seeFig.5).Themeasurementsweredone
atroomtemprature(20±2。C).
う.P6γ〃36傭 伽 瑠o沸oゴ 妙
Uponaddit三〇nof10-6g/mlIysoTPIandlmMCaCI、lnfina正co且centrationtoboth
sidesofablackmembrane,theconductancegraduallyincreasedfrom10-9S/cm}2to
about10-6S/cm-2withi且5minutes(Fig.6a).However,nofurtherincreaseinconduc-
tancewasfoundbythesubsequentadd三tionofCaCl,(10wercurveinFig.6b).The
nextgreatstepofconductanceincreasewasobservedwhenasmallaliquotofa
conce且tratedsolutionofuni-univalentelectrolytewasaddedbothaqueousphases
(indicatedbyarrowsinFig.6a).The.conductancewasproportionaltoaboutthe
seco且dpowerofthecollcentratiollofuni-univalelltelectrolyte(upp6rcurveinFig.6b).
Inordertoknowthespeciesofionwhichcouldpermeatethismembralle,potentials
generatedbyKCIgradie皿tacrossthemembraneweremeasured.AsshowninFig.7,
themembranepotentlalcouldbefittedwi士htheGoldmaロequation,三fratioofthe
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Timecourseofthemembraneconductanccchangeofablackmembrane
modifiedw三th10噌6g/mllysoTPIandlmMCaCI2.Thefirstarrow
indicatesth臼timeatwhichlySoTPIandCaCl2wereaddedboththe
aqueousphasescontaining10mMTris/C1(pH7.5).Aliquots(100μ).of
2MNaClwereaddedtobothaqueousphases.Finalconcentrutionsare
indicatedinthef三gure.
Plotofmembraneconductancevs.concentrationofelectrolytesolution.
Uppercurvewasol)tainedwhentheconcentrationofNaClwasincreased
inthepresenceoflmMCaCI2.Lowercurvewasobta三nedwhenthe
concentrationofCaC12wasincreasedintheab呂enceofgtoupIAcation.
Thedatarepresentmeanvalues(±S.D.)of.atl6ast葦our.membranes.
1
Fig.6b.
permeab量litycoefficient(PGIヅPK+)wasassumedtobeO.03..OIItheotherhand,a
concentrationgradientofCaCl2generated且omembranepotential.Theseresults
consistentlyimpliedthatthemembranemodifiedwithlysoTPIwashighlyselectively
.permeabletotheunivalentcation
,alldwasscarcelypermeabletobothCa++aIldCl一.
SelectivitysequenceamongIA-catio且swasalsomeasured.Intheearlypaper(Hayashi
etai.,1978),thesequeIlceRb+>Cs+>Na+>K+>Li+wasreported.However,the
seqロenceseemedtobechangedwiththelipidcompositionofb量layerlipid皿embranes
(Hayasi&Sokabe,197S).Ourrecentresultsshowedthatthemostfrequentsequence
wasK+>Rb+>Cs+>Na÷>Li+,whichwassimilartothatoftheK+一channelinspuid
axon(Hagiwara.e七a1.,1972).
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Fig.7Membranepotentialgeneratedbytheconcentrationgradient
ofKCI.Theconcentrat三〇nofKCIatthereferencesidewas
fixedat8mM.Thesubscripts"t"and"r"represe且tthe
twoaqueousphasesseparatedbythemembrane(testand
referenceside).Thesolidlineindicatesthemembrane
potentialcalculatedfromtheGoldmanequationbyassuming
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F三g.8.Timecourseofthemembranecon4uctancewhenCaCl2wasaddφ
toonesideofcompartment(a)inthepresenceand(b)inthe
absenceoflysoTPI.Bothaqueousphasescontained`initially10『6
g/mllysoTPI,1mM.CaC1,,275mMNaCIand10mM.Tris/Cl
(pH7.5).Inthecase(b),t}leaqueousphase.wasperfusgdwith
thelysoTPI-freesolutioncontainingsamesalt.conte皿ts,andthen
10μIaliquotsof500mMCaCl2wereaddedsuccessivelytoones三de
througha皿icropipetteat.thetimeindicated.
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Fig.9.Plotofrelativeconductancevs.concentrationofdivalent
cationaddedtooneside.BothaqueousphasOscontained
init呈allylmMCaCl2,275mMNaCIand10mMTris/Cl
(pH7.5).The10μ1aliquotsof500mMsolutionofdivalent
cationwereaddedtothetestsideaftertheperfusion.
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Theun量valentcationconductancewasgreatlyinfluencedbyCa÷+orotherdivale且t
cations.Fig.8showsthechangeinmembraneconducta且cewhenCaCl,wasaddedto
onesideintheprese皿ce(a)a且dintheabsence(b)oflysoTPIintheaqueous
solutions.AsshowninFig.8a,theCa++一effecthastwoaspects.Theoneisarapid
decreasejustaftertheadditionofCa+÷,andtheotherisasubsequentgradual
呈ncrease.ShcethelattereffectwasdisappearedwhenlysoTPIwaswashedawayby
perfusion,itmightreflecttheadditionalincorporationoflysoTPIfromaqueoussolution
becauseofacha且geinthehydrophobicityoflysoTPI-Ca÷+complex.Theformer
i且hibitoryeffectseemedhighlyi且terest量ng,because,inエ1ervemembranes,Ca++was
believedtocontroltheun量valentcationpermeation.Therefore,wefocusedonthis
phenomena,whichwillcloselyl)einvestigatedinthesucceedingsections.Though
divalentcat三〇nsothertha旦Ca++also三nh三b三tedtheunivalentcationpermeation,their
effectivenessdifferedasshowninFig.9.Thisimpliedthattheinh量bitoryeffectwas
Ilotprimarilyascribedtoasimpleelectrostatlcinteractionsuchasscreeningeffect.
4.c鮒 θη'一ρ01'㎎6訥 α7αo'副3∫ゴ03
Al〕ovediscussionswerearoundzerocurrentconductance.i.e.,equ玉librium
stateofIysoTPIchannel.Instationarystate,IysoTPIshowedanotherinteresting
behavior.Although,atsymmetrical五〇nicconditio皿,theI-Vcurveswerenearlylillear
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Fig.10,Steady・statecurrent-voltagecharacteristicsofthemembra・.
nesmodifiedwithlysoTPIatasymmetrlcalCa++co且dition.
Increaseinthe.Ca++concentrationinthetestsideled
tostrongcurrentrectificationsi.e.,currentfromtest
sidewasinhib量ted.
i.e.,theconductancewasvoltageindependent,strongcurrentrectificationwasobserved
atasymmetricallonicconditio且.
Underthecondit玉onofCa++一asymmetry,thecurrelltfromCa++concentratedside
wasextremelysmallerthallthatfromtheoppositeside.Inanotherword,the
conductancebecamevoltagedependentthroughCa++一asymmetry.Thiseffectwas
increasedwiththeCa++一asymmetry(Fig.10).K+一asymmetryalsolnduceds量milar
effectatlmMCaCI2(F三g.11a),buttherectificationwas.diminishedatlow
Ca++concentration(Fig.11b.).Thisimplledthattherectificatio皿inducedbyK+一
asymmetrydidnotarisefrompermeahtionasymmetry.Sinceitissuggestedthat
relativelyhighconcentrationofK+coulddlsplaceboundCa÷+fromTPI(seeFlg.
2),therectification血且derK+一asymmetrypossiblyorigl且atedfromtheasymmetryof
boundCa++.Thus,K+wassuggestedtobenotonlyapermeantionbutaconduc-
tanceregulatorthroughacompetit三veinteractionwithCa++.Thisideawillbetested
bycomputersimuiatio且inthe且extsection.
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Fig.11.Current-voltagecharacteristicsofthemembranes..modif三edwithIysoTPIat
asymmetricalK+conditionsinthepresenceofrelativelyhighconcen-
trationofCa++(a)andlowconcentrationofCa++(b).Thesecurvessuggest
thatthecurrentrectificatio皿mainlyarisedfromtheasymmetryofbound
Ca+÷.
S.3Ca++一EFFECTONTHEK+一CONDUCTANCEOFLYSOTPICHANNEL、(1)
一AMACROSCOPICSTUDY-
3.11ntroduction
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1thasstronglybeensuggestedthat.Ca++playsanimportantroleintheregulat三 〇n
of.ionicpermeabil圭tyQfbiologica正membranes.Thesodiumconductanceofnerve
membraneisreducedbyCa++(Frallkenhaeuser&Hodgkin,1957).Severalinvestiga-
torshavesuggestedthat且icotinicacetylcholi皿e-sensitive量onophoreisblockedbyCa++
三11arest三ngstate(Neuman,1973;Nachmanson&Neuman,ユ975).Recently,itwas
demonstratedthatsarcoplasmicreticulummembranepreparationi且ducedaCa++一
se且sitiveK+permeabilityonartificlalbilayermembranes(Miller,1978).Channel
blocki且gbyCa++wasalsode卑onstratedinthegapjunctionofacerta三nepithelialcell
(Oiveira-Castro&LoewensteiI1,1971;Roseetal.,1977).
ウ.71砂o勿 ρo疏6563/b7伽cσ++一 の60'
Twokiロdsofhypotheseshavebeenproposedforthese・Ca++一effect.onInemb.ranes.
ThefirsthypothesisconcerningsurfacepotentialisbasedonthefactthatCa++or
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otherdivalent.cationsdecreasethesurfacepotentialbyscree皿ingthe.negativecharges
onthemelhbranes.McLaughlineta1.clearly.demonstratedthatthemagnitudeofthe
surfacepotentialofartificialbilayermembranescouldbeestimatedbymollitoringthe
neutralcarriermediatedmembraneconductance(McLaughlin,etal.,1970,1971).
AlthoughthesurfacepotentialhypothesiswellpredictedtheCa+÷一effectsuch.asG-V
shiftinnervemembranes(Gilbert&Ehrenstein,1969),thishypothesiscould且ot
explainthewholeaspectsofCa++一effectonnervemembranes(Gotoh,1975).Indeed,
theCa+÷ 一effectthatcouldnotbeattrlbutedtothescreen量ngeffectwasreported
(Miller,1978).
ThesecondhypothesisisbasedontheideathatCa+÷itselfbehavesasagate.for
univalentcationchannel(Gotoh,1957),orasaneffectorofchannelgatingsubstance
(Fishman,etal.,1971).Atpresent,however,suchaCa++一se且sitivechannelsubstance
hasnotbeenidentified.Evenanappropriatemodelsubstanceforthephysicochemical
studyofsuchaCa++一effecthasnotbeenproposed.Althoughtheunivalentcation
conductanceofgramicid量nAchannelwasdepressedbydivalentcations(Hladky&
Haydon,1972;Bamberg&Lauger,1977),theefficiellcyofCa++wasrelativelyweak,
Le.,cQnductancedepressio皿re(担iredrelativelyhighconcentrat量onofdivalentcatiQ旦
(10『1-1M).Inthisrespect,gra血icidineAseems.inadequateforthemodelsubstance
toinvestigatetheCa++一effectfromphysiologicalpointofview.
Ithasbeenshown,intheprevioussection,thatlysoTPIcould圭nduceaunivalentcation
conductanethatwasprofoundlydepressedb夕Ca÷+inartificialbilayer.membranes.
Since.thepolarheadgroupofTPIrevealsahighaffinity・forCa÷+三nthesalhe
magnitudeasEDTA(Hendrickson&Fullington,1965),lysoTPIis.expectedtokeep
suchapropertyfordivalentcations..Wefoundthattheefficiencyofdivalentcatlons
toreducethemembraneconductancewasconsiderablydifferenttooneaother(seeFig.
9).Therefore,theCa÷+一effectinthissystemwasexpectedtobeprimarilydueto
spec量ficbindingtotheheadgroupoflysoTPL
Inthissection,inordertok且owthedetaiedmechanismofCa++一effectonlysoTPI
channe1,wee歯amilledthezerocurrentconductanceofthemodifiedbilayersin.w三de
concentrationrangeofK+andCa++.Thechangeinエnembraneconductancewas
m奪in1アexplainedby.acationexchangemodel,whereitwasassumedthatK+was
且otonlyapermeantionbutanactivatorforthecha皿elandthatCa++wasacompe-
t量tiveinhivitortoK+.
Mostofthecontentslnthlssectionaredescribedafterourrecentwork(Sokabe
&Hayashi,1981a).
3.2MaterialsandMethods
砿P7勿6〃 α'ゴ0η(ゾ 砂30TP∫
lysoTPIwasobtai皿edbyautoxidationofTPIaspreviouslyreported(HayashietaL,19
78).TPIwaspurlfiedfromFolchfractionofbovinebrainbythemethodofHendrickson
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andBallou(1964).ThecollcentratedaqueoussolutionofTPI(3-5mg/ml)wasexposedロ
toultra-violetlight(2537Ainwavelength)foraweekinaqualtzcell.Autoxidized-
TPIwasappliedonDEAE-cellulose(WhatmanDE,32)column.a且deIutedwith.0し3
MCH3COONH4inchloroform/methanol/water(20:9:1).Eluatewasevapoiated .and
lyophilized,andthedriedlnaterialwaswashedfreeofsaltby2-phasesystemwhich
wascomposedofCHCI3/CH30H/lN・HC1(2=1:0.6).Lowerphasewasneutralized
byconc.N}140Handevapolatedtodryness.Obtainedmaterialgaveasinglespoto且
oxala亡e-impregnatedsiIicageI60HPTLCplate(JoliesetaL,1979)whenltwasde・
evlopedwithchloroform/acetone/methanol/aceticacid/water(40:15:13:12:8).
Withtheaimofcharacterizingthissamplethemolarratioofesterfattyacidto
phosphoruswasdetermined.Thefattyacidesterwasdeterminedbythe皿ethodof
SnyderetaL(1959)andthephosphoruswasdetermi且edbythemethodofBartlett
(1959).Itwasfoundthatthesampleconta三nedonefattyacidesterperthreephosphorus
residues.Thisresultimp1量edthatTPImoleculeswerecqmpletelyoxidizedandbroken
downintolysoTPImolecules.
PurifiedIysoTPIcausedthesalnephe且omellainb三1ayermembranesasthoseinduced
byautoxidized-TPInotpurified,althoughthelattersamplecontainedfreefattyacids
orlipidperoxides.Mostoftheresults三nthisreportwereobtainedbyusi且gthecrude
sample.
b.P7eparation(ゾoxidi2edoholθsterol
Oxidizedcholesterolwasobtainedbythemethodof ,RobinsollandStrickho11n(1978).
Asolutionof4%(W/V)cholesterol(99%pure,SigmaChemicalCo.Ltd.)in25皿l
of1:1-mixtureofn・decanea且dn-tetradecanewasrefluxedinoxygenatmospherefor
1.5h.Molecularoxygen(SeitetsuKagaku,Zero-A)wasbubbledintotheflask(50ml)
equippedwithDimroth-typecondenserattherateof4-5ml/mi且.Obtainedmaterial
wascooledforovernightat4QCandthesupematantwasforuse.
Theglasswarβsusedinthispreparatio且werecleanedbythefollowingprocedure.
Theywereboiledindetergentcleanerandrinsedwithtapwaterforlha皿dtheロ
soakedinKM。04-H、SO4for24hrsandrinsedwi亡hdistilledwa亡erforlhr.They
wereagainrinsedwithdoubledistilledwateranddriedinoveI1.
ThealkaneswerepurchasedfromTokyoKaseiCo.andpassedthroughactivealumina
foruse.
c.Membraneノ'ormation
正nordertoperfuseaqueoussolutionsinastableandsimplemanner,theapparatusshown
inFig.12wasdeveloped.ThisapparatusconsistsofthreemaillpartsmadeofDaiflon
(trifluoromonochloroethylene;.purchasedfromDaikinEngineeringCo.Ltd.).Thefirst
partwasapart至tion(0.21nm三nthick班ess)conta三n三ngahole(1.3mm三ndiameter)
initscenter.TwocompartmelltsmadeofDaiflonwereseparatedbythepartition.
Thevolumeofeachcompartme且twasapprox.0.3ml.Thefrolltcompartmenthada
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Flg.12.Sc皐ematicdiagraπ10fexperimentalapparatusfortheformationof
bilayersandfortheperfusionofbulksolu亀ions(A,topview;B,
frontv五ew):a,membranehole(1,3mmdia.);b,feedertube;c,
Daiflonblush;d,septum;e,glass.window;f,KCI・agarbridge
andAg・AgClelectrode;g,inletTeflontube;h,outletTeflo且
tube;i,stopcock.
glasswindowthroughwh三chonecouldobservethemembrane.Thebackcompartment
wasequippedwithaTeflon-coatedstainlesspやeco且nectedtomicrosyringewhich
suppliedthemembraneformi皿gmaterial.Thebackcompartme∬twasalsoequipped
withaDaiflonbrushwhichcouldbemanipulatedfromoutside.Thesethreeparts
wereattachedtightlywithmetalscrewsandfluor…ne-containedrubberwasusedasa
packing.Oxidizedcholestero正solutionhavingbeeRsupphedtothemembranehole,
bilayermembrallewasformedbyastrokeofthebrush.
EachcompartmehtwasperfusedwitharbitrarysolutionsthroughtwoTeflontubes
(2mmindiameter).Whe且the白topcocksofonecompartment.wereclosed,the
oppositecompartmentcouldbesafelyperfusedwitharbitrarysolutionswithoutdestroy-
ingthemembranes..Wecouldchangethesolutionwithin30sec.Afterthemodif-
icationofbilayermembraneswithlysoTPI(10-6g・ml一1)a且dCaCl、(11nM),the
solutio皿swerewashedoutbyperfusioninordertoeliminate士hesuccessiveadsorption
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oflysoTPItothemembrane.
Al互oftheperfusingsolutionswerebufferedwith101nMTris-HCI(pH7.2)..KCl
andCaCl,werethespecialgradeofWakoChem1calCo.Doubledistilledwaterwas
used.
htheCaCl、co且centrationrangebelσw10-7M,weusedρa++一buffer(1mMEGTA).
Inthiscase,20mMTris-mallate(pH6.8)wasemployedasapH:buffer.
Electricalmeasurementswerebasicallythesameasdescribedbefore(seeS.2a).
Allexperimentsweredoneatroomtemperature(23±2。C).
3.3ResultsandDiscussion
σ・P6Pθ η4θηの フ げ 漉8〃z6〃 のrα πθ60η4πo'卿060πK+α η4Cσ+÷60π06η'7厩 ゼo鴛
ThemembraneconductancewasdepelldentonbothK+andCa++collce且trations.
Fig.13indicatesthedependencyoftheconductanceonKCIconcentrationinthe
presenceofvariousconcentrationsofCaCl、.Membraneswereplacedundersymmetrical
cond呈tion.
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F三g.13.Doublelogarithmicplotofthemembraneconductance
vs.activityofKαinthepresenceofvariousconcent-
ratioqsofCaClと;a,10-6M;b,10一5M;c,10一4M;d,
10-3M;e,10一2M.Dashedlinesind玉catei皿trinsic
potassiumconductanceobtainedbythesubtractionof
leakyconductance(themembralleconductanceinthe
absenceofKC1)fromtheapparentconductance.The
datarepresentmeanvalues(±S.D.)ofatleastfour
Pユenlbranes.
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Atfirst,membra且econductallceinverylowCa+±concentratio皿rangewillbe
discussed.Membraneconductancewaslndepe且dentofCa++concentrationlntherange
below10-6M.However,themembraneconductancelncreasedwiththeincreasein
K+concentration(seelnostuppercurvein.Fig.13).Thisconductanceincreasemight
beexplained{romtwoaspects.Oneaspectwastheincreaseintheconductallceof
individualshlglechannels.Anotheronewastheincreasein.the且umberofopeIl
channelwithK+conc6ntrat量on,i.e.,K+isnotonlyacurre且tcarrierbutachannel
activatorashasbeenproposedforly『Qlecithinchζnnel(Lee&Chan,1977).Inour
prelimhlaryexperimentS(seeFig49),.it.・w毎sfoundthatthesinglechannelconduc-
tance(approx.6pSinthepresenceof500mM・.KCI)ofIysoTPIwasdependenton
K+concentrationthoughthedependencywasweakcomparingw量ththatobservedinthe
many-cha且nelmembranes.T.hat・..・isプ.・a..ten-fold.illcre.aseinKClconcentration(50-500
mM)causedapprox.1.5-foldincreaselnthesinglechannelcoロductanceoflysoTPI
(seeFig.21),whileitcauseda2.5-foldincreaseintheconductanceofmany-channel
membranes.Thesinglecha皿elconductancesaturatedatapprox.200mMKCIwhile
themembraneconductancebecamesaturatedatapprox.500mMKCIintheabsence
ofCa++.Therefore,theco且ductanceillcreaseintheabsenceofCa+÷wasnotonly
duetotheincreaseinthes量nglechannelco且ductancebutpartlyduetotheincrease
inthenumberofopenchannels.
TheIowestcurveinFig.13deviatedfromtheI且neofslope2三nd五catingthatthere
wasaleakycurrentwhlchwasindependentofK+一concentration.Weprevlα1sly
reportedthatCaCl、causedaεma11conductance(approx.10-6-10一5S.cm『2)o且bilayer
membranesmodifiedwithlysoTPI.ThisconductanceelicitedbyCaCl2wasnearly
consta皿tintheCaCl、c6ncentrationrangebeyond10『3M.Theleakyconductance
abovementionedwasexpectedtobeidenticaltotheconductancebyCaCl、.The
brokenlinesinFig.13indicatei且trinsicK+一conductanc6whichwascalculatedbythe
subtractionoftheleakyconductancefro皿theapparentmembr狐econductance.The
slopeofthesebrokenlineswereapprox.2.
Thus,inthepresenceofCa++,membralleconductancewasproportionaltoabout
thesecondpGweroftheconcentratiGnofKC1.K+andCa++affectedthemembτane
conductanceiIIantagon量stic皿anner.Relat量velysmallamountofCa++inhibitedthe
K+一conductance.Ontheotherhand,theadditiollofanexcessofEGTAtothe
bathing.solutionscontainingCa++broughしaboutanincreaseinK+一conductance.
Moreover,theco且ductancechangecouldnotbeascribedtothechangeinthesurface
potential.aswillbediscus串edlater.Therefore,itwassuggestedthatcationexchange
reactiollwhichcausedanactivationandinactivationofthechannelunderlayinthe
conductancechange.ofthemembranemodifiedwithlysoTPL
Illorderto.investigatethemechanismforthedepress玉onofK+一conductanceby
Ca++,severaldatashowninFig.13werereplottedintodoublereciplocalplot:
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Fig.14.Doublereciprocaiplotofthemembranecollductancevs.[KCIコ2.
DatawerereplottedfromthemeanvaluesindicatedinFig.13:
一〇 一,10-6MCaC12;一 △ 一,10-5M;一 ロ ー,10囁4M.Thedata
gavestraightlinescrossingacommonintersec㌻indicatingthat
Ca++wasacompetitiveinhitoroftheK+一conductance.Inlow
K+concentration,however,thedatadeviatedfromthestraight
lineasindicatedbyverticalarrows.Thesedeviationscouldbe
explalnedintermsofanegativesurfacepotentialthatwas
effectiveonlyinlowionicconcentratiouregionasdiscussed
later.
(membraneconductance)一1vs[K+コ 、2.AsshowninFig.14,thedatagavestraight
linescrossingacommonintersect.Itwassuggestedthattwopotassiumionswere
necessaryfortheactivat三〇nofo且echarmelandthatCa++wasaco血petitiveinh三bitor
oftheK÷ ・conductance.S三ncethesinglechannelcollductanceoflysoTPIrevealed
constantirrespectiveofthepresenceorabsenceofCa÷+(seeFig.22),theconduc-
tanceinthepresenceofCa++seemstobeascribedmainlytotheincreaseinthe
numberofconductingchannelratherthanthe{ncreaseinthes三nglechannelconduc-
tance.
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Fig.15showstheLog-LQgplotsoftherelativemembraneconductancevs.Ca++
concentrationinCa++co且centrationrangeabovelmM.WhentheCa++concentration
ofbothbathingsolutionswerechangedatthesametime,theplotgaveastraight
lineofwhichslopewasapprox.1.Ontheotherhand,whentheCa++concentration
ofonlyonesideofthemembranewaschanged,theplotgaveastralgh亡11neof
whichslopewasapprox.0.5(seeupperlineinFig.15).Therelativeconductanceat
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Fig.15.Doublelogarismicplotsofrelativeconductancevs.〔CaCl2〕:the
relativeconductancewasobtainedbydividillgthemembrane
conductancebythatattheinitialcond量tion(1mMCa++).一〇一
量ndicatestherelativeconductancewhentheCa++concentration
ofonesideofthemembranewassuccessivelycha旦gedwitha
constantCa++concentrationontheotherside(asymmetric
condition)。一● 一indicatestherelativeconductancewhenthe
Ca++concentrationofbothaqueousphaseswerechailged
(sy皿metriccondition).Datawerewellfittedbytwostraight
linesofwhichslopeswere-0.58and-1.16,respectively.
symmetricalCa++一conditionwasobtainedbythesq耳areofthatatasymmetricalCa++一
condition.Thus,itwassuggestedthattheCa++一effectoneachsurfaceofthemembrane
wasstatisticallyirldependenteachother..
1110rderto量旦duceu皿ivalentcat三〇nconductallcetolipidbilayers,itwasnecessary
thatIysoTPIpresentedo且bothsidesofthemembrane.ThlsfactsuggeststhatlysoTPI
formedhalfporesoneachsideQfthemembraneashasbeensupposedfor皿ystati豆
andamphotericinB(Finkelstein&Holz,1973).Takingintoaccountofthishypo-
thesisandtheindependencyofCa++一effect,Ca++isexpectedtogateorblockonly
thehalfporeonthesamesideofthemembrane,andthemembralleco皿ductance
maybeproportionaltothefractio且oftheopen(active)statehalfporesoneachside
ofthemembrane.
0.Eκ σ〃蕗ησ'ゴ0πqプ8麗 冗ブσ06PO'6π'げθJ
Weexaminedthesurfacepotentialofthemodifiedmembranebyusingneutral
carriers,i.e.,nonactinandvalinomycinasasurfacepo亡entialprobe.McLaughlinet
al.(1970,1971)reportedthatthemembraneconductancebroughtaboutbytheadditio皿
of且eutralcarrierwasagoodindicatorofthesurfalepotentialofthemembra皿e.The
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carr量ermediatedlnembraneconductanceofachargedbilayer(Ge)isequaltothat
ofaneutralbilayer(Gn)timestheexponentofthesurfacepotentiai(ψ(0))(McLaugh-
iinetal.,1970,1971):
Gc=Gnexp(一Fψ(0)/RT) (1)
whereF/RTisausualmeaning.
Therewasaslightdifferencebetweencarrier-mediatedconductanceforthemembra一
ロesmodif三edwithlysoTPIandthatfortheilltactoxidizedcholesterolmembranes
exceptforlowelectrolyteconcentrationrange.InthepresenceofCaCl2abovelmM,
GcwasequaltoGn,butbelowlmMCaC12,Gcwasgraduallyincreasedwiththe
decreaseinCaCl、concentrationaロdsaturatedatabout10『6MCaCl,.lnthepresence
of10-7MCaCl,and20mMNaC1,Gcfornonactinwasapprox.2.5timesgreater
thanGn.Furthermore,sinceGcforvallnomycininthepresenceof10-7MCaCl,
and20mMKCIwasapprox.2tilnesgreaterthanGn,theinitialsurfacepotentialof
themodifiedmembraranemightbeevaluatedabout-20皿Vat22σC.
WheロtheCa++concentratlonwaschangedfrom10一7to10『3M,IysoTPImediated
membranecoコductancewasdepressedto1/200forig三nalvalue.Takingintoaccount
ofthedependencyofthemembra且ecoロductanceonKCIshowninFig.13,sucha
largeconductancedepressionbyCa++couldnotbeattributedtothedecreaseinthe
surfacepotentialbyCa++.Indeed,abovelmMCa++,wheretherewasnosurface
potential,aprofoundconductancedepressionbyCa++wasstillobserved(seeFig.15).
ThesefindingsstronglysuggestedthattheconductancedepressionbyCa++arised
fromamoreldirectactionofCa++tolysoTPIchanne1.Althoughtheunderlyi■g
InechanismoftheinteractionbetweenCa++.andthechannelhasbeenobscure,a
prelimi且aryphenomenologicalmodelfortheconductancedepresslonbyCa++willbe
discussedinthefollow三ngsect三〇n.
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Fulldamentalcharacterist量csoftheK+一conductanceandseveralassumptioロswillbe
summarizedherebeforemakingamodelfortheK+一conductancedepressiollbyCa++。
(1)Toinduceamembraneco且ductance,itwasnecessarytoaddlysoTPItothe
bothbathingsolutiQns,thissuggestedthatlysoTPImadesocalied``halfpores"
(Finkelstein&Holz,1973)onthelnembranesurface.Itwasexpectedthatthetwo
half-poresontheoppositesideofthemembraneassociatedtomakeacompletechannel
whichspannedthebi工ayer.
(2)TheincorporatiolloflysoTPIintobilayersseemedirreversiblebecausethe
membraneconducta且ceremainedconstantevenaftertheremovaloflysoTPIfrom
aqueoussolutionsbyperfusion.lysoTPIchannel,onceformed,washoldstablyin
bilayer,11amelythenumberofthechannelwaskeptcollstantduringexperimento皿
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onemembrane.Owingthisa皿d(4),thepossibil量tyforthedropoutofthechannel
frommembraneorsuccessivei準60rporationofthechannelfromaqueousphaseswith
thechangeofionicconcentrationcouldbeprecluded,a∬dthereactionunderdiscussion
mustberestr量ctedonthemembrane.
(3)Thecurrelltcarrierofthissystemwa忌u皿ivalentcatlon,neitherdivalentcation
noranio■,becausethemembra且econducta且ceelicitedbyCaC1,wasbyseveralorders
lessthantheunivalentcat董onconductance,a且dbecausenomembranepotentialwas
generatedbyCa++oranionicconcentrat玉ongradie皿t(seeS.2b).
(4)Sincethemembraneconductallcewasdependentolllyontheelectrolytecollce-
ntrationl,notontheseque且ceoftheperfusion,thereactionsbetweenthechanneland .
K+orCa++werecompletelyreverslble.
(5)Membranecohductancemustbeproportionalto.[Ca++コ1inhighCa++concen一
.trationra皿gea且dto[K+]2illrelativelylowK+concentrationrange.K+一coロductance
attainedtoamaximumlevelinhighK+concentrationrange.ItwasassumedthatK+
wasnotonlyapermeantionbutanactivatorofthechannelbecausethechangein
membraneconductancewithK+concentrationcould且otbeexplainedbythedepen-
dency.ofthesinglechaロnelconductanceonK+concentration.ChanRelgatingwas
assumedtobeemployedbyun三 一anddivalentcationexchangeattheorificeofthe
channel。
(6)ItwasalsoassumedthatCa++was.aninhibitorwhichgatedthechanneli且
all-or-nonefashio∬andthatthe.gatingProcessesofthehalf-poresonbothsidesof
themembranewereindependenteachother.
(7)Thesurfacepoteロtialofthemodifi6dmembranewasnegligiblysmallexcept
foralowion玉cconcentrationregion.
(8)Allprocessesunderdiscussionwereassumedtobeinanequilibrlumstate
becauseweweredeallngwiththe.zerocurrentmembraneconductaIlce.
React量onononesideofthemembranewasassumedtobedescribedasfollows:
S十2M+≠S皿;K、=[Smコ/[S][M+]2
S十C÷+≠S。;K,=[Scコ/〔Sコ[C++ユ
[Sむコ=[Sコ十[:Sm]十[Sc]
,
,
(2-a)
(2-b)
(2-c)
whereSdenotesafree-stateofc3tionbindingsite,Smdenotesaun量valentcation-
boundstateandS。denotesadivalentcatiol1-bo田1d[stateofthebindingsite.K、a且d
K、areinverseofdissociationconstantsofSmandSe,respectively.[コdenotesthe
concentration(activity)ordens量tyofthematerialbrackettedatmembranesurface.
[Stコisatotaldensityoftheb互ndingsitewhichisco皿stantdurillgourexperiments.
Smisassumedtocontributgtothemembraneconductance.[Sm]caロbegivenfrom
Eqs.(27a,b,c).
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K、[M+コ2[Stコ[S
m]=1十K
、[M+コ2十K2[C++コ ● (3)
Membraneconducta且ce(G)willbeproportionaltothedensityofco且ductingchannel
([Pコ)whichisproportio皿altotheprodu℃tofthedensityoftheK+一boundhalf-pore
([Ph])oneachsurfaceofthemembralle.Thatis,
G=」[Pコ=.4K3[Ph]eis[Ph]鵬ns (4)
where」isasinglechannelconductanceandK3isanassociationcollstaRtbetween
thehalfporesonoppositesideofthemembrane.[Phコ,i、and[Phコt,ansarethedensity
ofthehalf-poreoncis-a且dtrans-side,respective1ア.
Fromourexperime且talresults,itwassuggestedthatGwasproportionalto[M÷ コ2*
[C++]一1inrelativelyhighconcentratiollofCa++.Undersymmetricalelectrolyte
condition,Gisproportionalto[Phコ2aspredictedfromEq.(4),where[Phコ=[Ph]・i・=
[Phコt,ans.Therefore,thedens量tyoftheunivalelltcation-boundhalfporeo取oneside
ofthemembranemustbeproportionalto[M+][C++]『 ヱ/2.FoUowingassumptionwii正
makeourhypothesisconsistent.Thatis,S皿,i、generatestwohalf・poresoロcisside
ofthemembrane,
Sm。is≠Ph,i,十Ph,i,;K4=[Phコ2ei、/[Smコ (5)
whereK4denotesthedissociationconstantofSmtohalfpore.[Ph]eiscanbedescribed
as
[Ph]cis=(K4ESmコ。i,)1/2. (6)
EromEqs.(3),(4)and(6),membraneconductance(G)canbedescribedas
G=
」K4K3K、[M+コ2[St]
1十K、[M+コ2十K、[α可 ● (7)
Thecontributionofthesurfacepotentialtothemembrane・conductancewasconsi-
dered,slnce呂urfacepotentialofthemodifiedmembranewasnotnegligibleinlow.
Ca++concentrationrange.
Cationco皿centrationatthemembra且esurface,EC+z]canbeshowntobeequalto
theco且centratio皿inthebulksolutiontimestheexponentofthepotentialatthe
surfaceofthemelnbrane,ψ(0):
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[C+zコ=[C+蜀bexp(一ZFψ(0)/RT);[C+zコb*fz (8)
wherezisthevalencyofthecation,[C+zコbistheconcentrationinthebulksolution,
fisexp(一Fψ(0)/RT),RT/F=23.5mVat22。C.ThenEq.(8)canberewrittenas
」K4K3K、[Sむコ[M+コb2f2G;1十K
、〔M+コb2f2十K2[C++コbf2 , (9)
Becausetheexactcurveof.4asafunctionofK+一co且centratlonwasnotdetermined,
andthevaluesfor[S5コ,K3,a且dK4wefeunknown,wecalculatedrelativeconductance
(Eq.10)i且steadofeq.(9).
Relativeconductanceca且bedefined:
G7G一詰轟己聯 畿 器;;1タ、f}'・*鴇+帯 (10)
wheref'denotestheBoitzmannfactorcorrespondingtothesurfacepotentialwhch
arisedintheconditiondefinedby[M+]'band[C++コb'.Themethodforthecalculation
oftheBoltzmanfactorisdescribedinAPPENDIX
6.勘 蜘 α'∫oπげ 漉 θ 〃30461
Fig.16i且dicatesthedepende且cyoftherelativeconducta血ceonCa++concentration
inthepresenceofvariousconcentrat量onsofK÷.Thedatawerereplotted .fromFig.13.
Thecurves.werecalculatedfromEq.(10)asbestfitsforthedat章;σiniti。1=4.1琴
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Figure17.Plotofrelativeconductancevs.concentrationofsomedivalent
cations:一△ 一,Mg+÷,一〇 一,Ca++,一ロ ー,Zn++.Thedatarepresent
the皿eanvalues(.±SD)ofatleasttwomembranes.Thecurve呂
werecalculatedfromEq。(10)withsubstitutingthefo110wing
valuesforK2;Mg++,5,000M司,Ca++,21,000M-1,Zn++,100,000
M-1.ThevaluesforKIandσiniζialarethesameasthoseused
inFig.16.り
10『4A-2,K、=44M一2,K2=21,000M-1,whereσi。iti。Idenotesinitialchargedensityof
themodifiedmembrane(seeAPPENDIX).Ifσiniti, .1=Owasassumed,thecalculated
curvesat20mMand50mMKCIwerenearlyidenticaltothatat100n1MKCI.
The;『fore,thedecreaseinnegativesurfacepotentialseemstocontribute,in .some
degree,tothechangeinエnembraneconductallceinlowionicconcentration.D量valent
catio且sotherthanCa++alsoaffectedtheK+一conductanceasshowninFig.17.These
datacouldalsobeexplained.interms6fEq.(10)byusingfollowingassociation
constants:KMg=5,000M一 工,Kc、=21,000M一1,Kzp=100,000M　 1.ThusthemodeI
couldwellpredicttheeffectofotherdivalentcationsonK+℃onducta且cewithonly
chaロgingthevalueforK2.
Asdescribedbefore,neutralcarrierexperimelltsdeducedthatthesurfacepotential
i且thepresenceof10一6MCaCI,and20mMKCIwasapprox.20mV.Thls
valuewasingoodagreement .輌ththat(ψ(0)=一16.3mV)predictedfromEq.(10)
whenwetriedtogetthe .bestf量tofcalculatedcurvestothee琴perimentaldata(see
APPENDIX).Theseresultsgiveastr6ngsupportforou;卑odel.
Atpresent,althoughtheprecisephysichochemicalmechanismoftheCa++一effecton
K+一conducta且ceis皿known,thebasicassumptionsemployedinthemodelmightbe
correct.ItisknownthatTPIcombinesCa++withh玉ghaffinity,whichcausesatypical
hydrophihc-hydrophorbicmicelletrans量tion(Hendrickson&Fullillgton,1965;Sokabe,
1975).It量sexpeetedthat.Ca++depressedthemembraneconductancethroughspecific
bindingtotheheadgroupoflysoTPIaccompaロyinglargeincreaseinthehydrophobicity
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oflysoTPIchannel.SinceCa++isknowntochangethemicelleformofphospholipids
andlysophospholipids.(Cullis&Kruijff,1979),itisalsoexpectedthatacertain
structuralchangeofthechannelwasillducedbyCa++.Closerinvestigationsofthe
Ca++・effectonlysoTPIchannelwithsingle-channelexperimentaredescribedinthe
ロ
nextsectlon.
APPENDIX .
cσ10呪1α'∫oη(ゾ伽3π 吻06po伽 吻1
The.Grahamequation(Graham,1947)fromthetheoryofthediffusedoubleIayer
relatesthesurfacepotentialtothecharge.density(σ)andthebulkaqueouscoロcentra-
tionofmonovalenta皿ddivalentions([Ci]b):
σ=〔2εε'RT孚[Ciコb[exp(一ZiFψ(0)/RT)一1]}1/2(A1)1
whereεisthedielectricconstantofwaterandε'isthepermittivityoffreespace,
andψ(0)isthesurfacepotentiaL
NegativesurfacechargeonthemembranewasexpectedtoarlsefromIysoTPI
adsorbedtothe卑embrane.1王acationbindingsite(S)was.assumedtohavetwo
negativecharges,thechargedensityofthemembraロeshouldbeproportionaltothe
de且sityoffree-site([S])whichwasdescribedinEq.(1):
σ一2[Sコe
=2[Stコe/(1十K、[M+]2十K、[C++]) (A2)
whereedenotestheelementaryelectriccharge.Sincetheinitialchargedensity
(σinitial)iseqμalto2[St]e,
σ=σi。itia1/(1十K、[M+コ2十K2[C++コ). (A3)
Thus,combining(AI)and(A3)w三thsubstitutingpropervaluesforK、,K,andσiniti。1,
we6allgetthevalueforthesurfacepotential(ψ(0)).
S.4Ca++一EI叩ECT.ONTHEKI÷ 一CONDUCTANCEOFLYSOTPICHANNE夏 、(II)
～AMICROSCOPICSTUDY-
4.11ntroduction
Cσ++一6ガ60'oη3吻9160hαηη6Jooη4π6'ση68
0neoftheuniquefeaturesofthemembranesmodifiedwithlysoTPIliesinthefact
thatthedivalentcationssuchasCa+÷stronglydepressedtheunivalentcationco且duc-
tance.Itwasexpectedthattheconductancedepress量onbyCa++wasduetospecific
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interactionbetweenCa++andIysoTPIchannel.Surfacepotentialwhichisanj .mport-
antfactorintheregulationofmembralleionicpermeabilitydidnotseemtoplayan
essent互alroleinthissystem.
Thefirstaimofthemicroscopicstudyistoverifythehypothesisth耳tlysoTPIformsan
ionicchanneLThesecondaimistoseetheeffectofCa++onthesinglechannel.The
latterpointseemsofspecialinterestifitwerecomparedwiththechannelblock三ng
ofthegramicidinAforwhichthesinglechannelconductancewasgradedlyreducedby
thedivalentcations.suchasCa+干orBa++(Bamberg&Lauger,1977).
Inthisstudy,wefoundthatlysoTPIformedaporelikestructureofwhichsingle
chan且elconductancewasエ10taffectedbyCa++inbothoxidizedcholesteroland
91ycerylmollooleatebilayermembranes.Ca++modifiedthedwelltimesfor``opeぜ'and
``closed"stat
eoftheIysoTPIchannelasweIlasthetrans三tionfrequencybetween
thesestates・Toourknowledge,thisisthefirstf三ndingthatacertainphospholipid
reYealsasingle6hannelbehavior.Mostofthecontentsinthissectionaredescribed
afterourrecentwork(Sokabe&Hayashi,1981b).
4.2MaterialsandMethods
σ.ルfσ'67∫σ13
PreparationoflysoTPIandoxidizedcholestrolwasthesameasdescribedinS.3.2
a.Bilayerlipidmembraneswereformedfromoxidizedcholesterolorgiycerylmo且o-
oleate.
Glycerylmonooleate(Sigma)wasdesolvedhln-hexadecalle(14ξng/ml)andused
withoutfurtherpurification.
AlkaneswerepurchasedfronlTokyoKanse量Co.Ltd.andpassedthroughactive-
alumi皿acolumn. 噛
∂.Mθ 伽 γαη6/b鰍 α孟伽 α露4ε`θo師oα`膨 αs號 粥 ε擁
Membra且eformi且gapparatusandcurrentmeasuringprocedurewereidenticalto
thosereportedbyNeheretal.(1978).(Fig.18).Membran6swereformedinasmall
hole(approx。200micrometeri皿diameter)onthewallofa10mldisposable
polypropylentest・tube.Thetest-tubewasdopedinthesolutionscontaining1.6-2nM
oflysoTPI,50-500mMofKCI,10-6-10-2MofCaCl,andlmMofTris-HCI(pH
7.2)ina50mlglassbeaker..Whenthemany-channelexperimentwasdoRe,
16-48nMoflysoTPIwasemployed.Membraneformingmaterialswereapplied
tothemembraneholewithaglasslnicropipette.Afterthlnningthemembrane,
currentfluctuationsweremeasuredatconstantvoltage.Curre皿tamplifierconnected
throughcoaxialconnectortothetest-tubewascollstructedfromanelectrometerampl1fier
(Teledy且e1035-02)equippedwith10100hmglassenclosedresistorand10pFtitanium
capacitorinfeedbackcircuit.Withthisconfiguratio且,thelimitedbandwidthandelec-
tricalnoise.ofthemeasuringsystem(includingmembrane)wereabout8Hzandlower
than50fA,respectively.Ag-AgClcoiledelectrodeswereused.Mostoftheexperiments
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Fig.18.Membraneformationapparatusforthesinglechannel
experi皿ents.OC,outerchamber;IC,innerchamber;
CH,chamberh61der;A,amplifier;AH,amplifier
headstage;MS,micromanipulatorstand.
(Neheretal.,1978).
werecarriedoutwithapply三ng±50mVdc-voltage(theinnersideofthetubewas
difinedasavirtuaiground)throughpulsegenerator(NihonKodel1,SEN3101),and
subsequentmembranecurrentfluctuationswereconvertedtovoltagefluctuations(10
mV/1pA)whichwererecordedbyaIow-speedpenrecorder(NationalVP6521A,
1irnitedbandwidth;1Hz),orhigh-speedpenrecorder(Sanei,RECTIGRAPH-8S,
Hmitedbandwidth;80Hz)andthenanalized.Theformerrecorderwasusedforthe
estimationofthemagnitudeofthesinglechannelco皿ductance,a且dthelatterforthe
analysisofthetimestructureoftheconducta且cefluctuatiqns..Forachangeofsolutlon,
boththetubeandglassbeakerweresuccessivelyrinsedwithtap-water,methanol,
chloroformaロddoubledistilldwater,andthenovendr三ed.Allwaterwaspassed
throughion・exchangecolumnanddoubledistilledwitha11glassstill.Measurements
weredoneinsymmetrlcalconditionsatroomtempreture(23。 ρ ±2℃).
4.3Resuits
α.S癖91θohα ηηθ100η4麗6'αη6θ(ゾ 砂soTPl
Intheabse耳ceoflysoTPIillthebathingsolutlons,apparentmembraneconductance
ofox五d三zedcholes倉erolorglycerylmonooleatebilayerswasapprox.20-50pS(3-7.5×
10}8Scm-2)inthepresenceof500mMKC1,andnoconductancefluctuationswere
observedatconstantvoltage6below100mV.However,uponaddltionoftraceamounts
oflysoTPI(approx.2nM) .tothebathingsolutions,welldefineddiscretejumpswere
frequentlyobserved.:F三g.19ashows亡hetypicalconducta且cefluctuat三〇nsinducedby
lysoTPIonalloxidizedchoiesterolbilayer.membrane.Themag且ltuceofthemost
freque且tconductancejumpswasapProx.6pSinthepresenceof500皿MKCI.Fig.
19bshowstheconductancefluctuatio且sinducedbylysoTPIonaglycerylmonooleate
bilayermembraロe.Thecurrentfluctuationkineticsweresomewhatdifferentfrom
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Fig.19.ConductancefluctuationsoflysoTPIchannelsin(a)oxidizedcholesterol
andin(b)glycery皿onooleatebilayers;electrolytes,500mMKC1,1mM
CaC12,1mMTr三s-HCI(pH7.2),1.6nMlysoTPI;T=24。C;V=50mV.
Horizontalarrowindicatesbackgroundconductancelevel.S至ncefluctuations
wererecordedw三thslow-speedrecorder(repo亘setimelsec.),someshort
durat玉onjumpswerenotrecQrdedasfu1正sizeonthecharts.
thos6intheoxidizedcholesterolmembrane.However,unitconductancejumpwas
approximately6pSavalueidenticaltothatobserved.1inoxidized6holesterolmembranes.
Sincethismagn量tudeofunitconductancejumpisexcessivelyhighforacarrier
mechanism(Hladky&Haydon,1972;Lauger,1972),itishighlylikelythatlysoTPI
formsachanneltypestructureinbothk量ndsoflipidbilayers.Themag且itudeofeach
conductancechangewasuniformeveninmulti-stepchangesasshowninFig.19a
andbsuggestingthatthechannelhadtwoconductancestatescorrespo亘dihg　 open"
and``closed".Sincethehe玉ghtofchannelformationstep(thefirstconductanceju血p
afterthillni皿gthemembrane)wasidenticaltothatofthesubsequentlumps,the
closedstateconductanceseemsmuchlowerthantheopenstateconductance.
Fig.20indicatesthe}VcharacteristicsofthesinglechanneloflysoTPIinoxidized
cholesterolandglycerylmonooleatemembranes.IdenticalIinearrelatio且shipswefe
obtainedonbothmembra且es1nthevoltagerangeofO-125mVundersymmetrical
saltcondition.Atvoltagesabove100mV,bothkindsofInembra皿esbecameunstable.
Fig.21showsthesinglechannelconductanceoflysoTPIasafunct三 〇nofKCI
concentration.Thesinglechannelconductanceappearstoapproachalimittingvalue.
Asaresultofthissaturatingbehavior,thedependencyofthesinglechanllelconduc一
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F五g.20.Steadystatecurrent-voltagecurvesofthesinglelysoTPI
channelin(●)oxidizedcholesteroland(o)glycerylmo.
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Fig.21.Dependencyof .thesingle6hannelcQnductanceonKCl
concentrationinoxidizedcholestrolbilayersat50mVin
thepresenceof10-6MCaCI2.Datarepresentmeanvalues
(±SD)ofatleastfiveeventsfro皿threemembranes.
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tanceoflysoTPIonKCIconce■trationwasweakertha皿thatreportedfortheother
ionophoressuchasEIMoralamethlcin(Bean,1973;Ei$enbergetaL,1973)ina
middleconcentrationrangeofKC1.Similarsaturationphenomenonwasreportedfor
gramicldinAchaIlne1,whlchwasexplainedintermsofamutualcompetitionbetween
permeantionsfortheb三ndi且gs王tesofthechannel(Neheretal.,1978).Itwas
expectedthatthesamekindofInechallismassumedforgramic量dhlAchannellimitβd
therateofionpermeat三 〇nthroughlysoTPIchanne1.
わ.Eン ア66'(ゾCα++oη'.海6.8伽9∬60ん αηπθJooη4πo'αη66
Asmelltionedbefore,smallamountofCaサstrollglyreducedthemivalentcation
conductancewhichwasinducedbylysoTPIinmany・cha且nelmembranes.Ontheother
hand,五tisknownthatt1ユesinglechannelconducta旦ceofgramicidinAwasgradedly
reducedandth亀ttheI-Vcurvesofltbecamesaturatilngwiththeincreasei且the
concentratiollofthedivalelltcationssuchasCa++orBa++(Bamberg&Lauger,1977).
Thus,itisofspecialinteresttoinvestigatetheeffectofCa+÷ollthes量nglechannel
co且ductanceoflysoTPI.However,asshowninFig.22,thesizeoftheslnglechannel
conductanceofitseemstobeunaffectedbγCa++.1・Vrelationshipswerealsounaffe・
ctedbyCa++concentrationinbothoxidizedcholesterolandglycerylmonooleate
membranes(1-Vcurveswere・btainedintheconcentrationrangeoflo-640　 2Mcacl、;
datawerenotshown).
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Fig.22.Singl正echannelconductanceasafunctionofCaC丑2con。
centrat三〇nin(●)oxidiz俘dcholesteroland三n(o)91yceryl。
monooleatebilayersat50mVintheprese皿ceof500mM
KCI.
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Althoughthes三nglechannelcondμctanceoflysoTPIwasnotaffectedbyCa++,the
k1neticsoftheop叩ingandclosingreactionofly・soTPIchannelwasaffected.To
investigatesuchaCa++一effectontheconductancefluctuations,aseriesofexperlments
wasperformedinthe .prese皿ceofvariousco皿cen㌻rationsofCa++withbothoxidized
cholesterolandglycerylmoロooleatemembranes.However,inoxidizedcholesterolIne-
mbranes,asahighspeedswi重chingreactionoccuredintheopenstateofthechannel,
wecouldnotestilnatequantitativelytheeffectofCa++onthetimestructureofcon・
ductancefluctuationsmainlybecaUseofthelimitedbandwldthofthemeasuring
system.Ontheotherhand,inglycerylmonooleatemembranes,theope耳stateof.the
a 10-6MCaCi2一
b
10-3MCaCl2
__」し L_一
C
10顧2MCaCl2一 一
1蟹 ～111,1聖 【1111L～ 旨lUl⊥L
]1・ ・s
5sec
Fig.23.Conductancefluctuati.onsofthesinglelysoTPIcha-nelin
glycerylmonooleatebilayersatvariousCaCI2concentratlons;
(a)10一βM,(b)10-3M,(c)10-2M,inthepresenceof500mM
KCI.Fluctuationswererecordedwithhighspeedrecorder
(responsetime;10msec.).Afewverysmallsizejumpsareseen
o皿thecharts,buttheywereneglectedinthestatisticsshowll
illFig.24.Thelowestrecordisatim三皿gmarker.
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Fig.24.Distributionsoftheopenandcloseddwelltimesforasingle
channelinglycerylmonoo.leatebi正ayersat(a)10-6MCaC12and
(b)10-2MCaCl2.Thenumberofthe三ndividualdwelltimeswhich
arelongerthanthetimeindicatedbytheabscissaareplotted.
Thesolidcurvesares加gleexpo皿eht三alfunctions(N・exp(一βt),
N・exp(一αt))calculatedassmuingthattherateconstantswereequal
tothereciprocaloftheaverageddwelltimes(cf.Eq.11),Ndenotes
thetotalnumberoftheeventsobserved.
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channelwas「relativeiystable,althoughtheconductancedepressiollbyCa+÷inmany一
.channelmembraneswaslesserthanthatforoxidizedcholesterolmembranes ..TypicaI
effectofCa++onthpcurrentfluctuations.inglycerylmonooleatemembranesis
showninFig.23.Ca++reducedthedwelltimesfortheopenstate,whefeasitincre-
asedthedwelltimesfortheclosedstate.Fro皿thesedata,dwelltime・histograms
wereobtainedasshowninFig.24..Thefiguresshowthecumulativesumofthe
nu皿berofeventsofduratio皿longerthanagivendwelltime(td)plottedasafuロction
oftd.Thedistributionofthedwelltimesforboththeopenandclosed.statesofa
si皿glechannelwaswellfittedl)yasingleexponentialfunctio且a.sshowninFig.24.This
factmeansthateachopeningandclosingeve旦tindepeIldentlyoccuredontime,i.e.,
poissonprocess.Thisallowsustodescribethereactionw三ththefirstorderkilletics
asfollows,
α
(closed);==ゴ(open)
β
whereαandβ.dellotetherateconstantsfortheopeningandclosingofthechanhel,
respectively.αandβaresimplythereciprocaloftheaveragedwellt三me(ta。,td。)
fortheope皿andclosedstatesofthechanne1三 皿thecaseoffirstorderkinetics
(Ehrenstelneta1.,1974).Thatis,
一1m
t・・=石 ～
、t… 一 β一1
(11a)
一1m
t・・=五
、～、t…=α 一1
(11b)
wheretd。iandtd。iareindividualdwelltimeforopellandclosedstate,misthe
numberofjumpsinarecord.Therateconstantscalculatedfrolntherecordsonthe
conductancefluctuationsofsingle-channelmembranesatvariousCaC12conce皿trations
aresummarisedintable1.ItisclearthatCa++decreasedd,whereasitincreasedβ.
Transit三〇皿frequency(anumbdrofeventsperunittime;Pt)definedas
Pt=(tdo+tdc)一1=αβ/α+β (12)
alsoappearstodecreasewithCa++conceロtrationasshownintable1.Thus,inth圭s
scheme,itissuggesedthatCa++i亘creasednoto且1yapote且tialenergydifference
betweentheopenandclosedstatesbutalsotheheightoftheenergybarrier(量nthis
case,activationenergyfortheopening)betweenthesestates.
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EhrensteiReta1.(ユ974)developedakinet量ctheoryfortheopeninga且dclosi且gof
theEIMchannelswhichwasableaccountfortheki皿eticpropertiesof血any-channel
membranes.Aftertheirtheory,wewillcalculateherethesteadystateconductanceof
many℃hannelmembranesusingrateconstantsobtainedfro皿thesinglechaエmelstudy.
Thefollow三ngdiscussionisbasedontheassumptionthat. .therearenoi亘terac⑳ns
be亡ween量ndividualchallnels.
LetGbeasteadystateconductaRce,n。bethenumberoftheopenchannelwith
theconductanceg。,andn,bethatoftheclosedchannelwithconductancegc,then.
G=n・9r十 且cgc・
WeconsiderthemembranehavingNconductingchannels,then
N=n。 十nc
stands.
Fromtheprincipleofdetailedbalance,
n。/n,=α/β
wherethebardenotetheequilibr量umvalues.
CombinigEqs,13,14and15,weobtain
G=N(α9。 十 β9,)/(α十 β) り
(13)
(14)
(15)
(16)
Frolnthepreceedingresult,g。《g。canbeassumed,thenEq.16becomes
G二Ng。 α/(α十β). (17)
Inordertocomparethesteadystateconductnacewhlchwasca正culatedfromEq.17
withthatexperhnentallyobtained,we量ntroducearelativeconductance(Gr)which
wasdefiロedasaratiooftheconductanceatagivenconcentrat量onofCa++andthat
at10-6MCa++.S三nceitcouldbeassロmedthatbothg。andNwereconstantunder
.differentCa++concentrations,weobtain
Gr=Gj/Gi=αj(α」+βi)/αi(αj十β」) (18)
wherethesubscriptsiahdjindicatethattheparameterssubscriptedareat10　 6M
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Ca++andatagivenCa++concentration,respectively。Many-cha黛nelmembrane(100-1900
channels)experime且tswerecarriedoutwiththesameprocedureasthatforfew-
channelmembraneexceptfortheconcentratio旦oflysoTPI(seeMethods).Calculated
andexperimentalrelativeconductancesareshowninTable1.Thecloseaccordance
betweentwosetsofvaluesindicatethat,inglycerylmoコooleatemembranes,the
conductancedepressionbyCa+÷ 皿ayprincipallybeekplainedbythechangei且therate
constantsfortheopehingandclosingreactionoftheindividualchannels.
TablelDEPENDENCYOFTHEKINETICPARAMETERSFORTHE
OPENING-CLOSINGREACTIONONCa++CONCENTRATION
CaCl2(M)
β一1T
r(sec.)nグ1(sec.)
β
α(sec.麗') Pt(sec.一1)
CalculatedExperimental
GrGr
10"5
10-3
10『2
297.6
290.6
909.6
97
55
104
0.81
2.25
0.70
4.58
0.56
8.18
??
?
?
?
??
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
??
?
?
?
0.32
0.19
0.11
1
0.48
0.22
1
0.49
0.25
*Tr ,totalrecordingtime;n,numberofevents;β4,meanopendwellt三me;α一1,皿ean
closeddwelltime;β,rateconstantfortheclosing;α,rateco皿stantfortheopening;
Pt(=α ・β/α十 β鴇n/Tr),transitionfrequency;CalculatedGr,relativeconductance
calculatedbyEq.18;Exper三mentalGr,relativeconductanceofmany-channelme皿bra∬e
experimentallyobtained.
DatawereobtainedfromatIeast.fivememl)ranes.
4.4Discussion.
σ」 夕30TP1!07〃33α 訥 伽 πθ1
TheconductanceofthebilayermembranesmodifiedwithasmallamountofIysoTPI
showedtypicaldiscreteconductancejumpsofwh1champlitudewasfairlyuniform.
Theheightofthemostfrequentjumpswasaccountedfor6pSinthepresenceof500
mMKC1,thisvalue(106ioHs/sec,channel)seemstoberatherhigherthanthat
pred量ctedfromacarriermechanism(Hladky&Haydon,1972;Lauger,1972).So,it
wasassumedthatlysoTPImolecule(s)formaporelikestructureacrossbilayer
membranes.Thisideawassupportedbyanotherfactthatthemembraneconductance
wasinducedonlywhenlysoTPIwasappliedfrombothsidesofthemembranein
many-channelmembranesystem.ThisfactalsosuggestedthatlysoTPImolecuies
couldnotbetransportedfromonesideofthebilayermembranetoanotherside,a夏d
thattheconductingporeunitmustbeformedbythe .assoclationofthe``halfpore"
oneachsideofthemembraneassuggestedforgramicidinAchanne1(Ba皿berg&
Jank:o,1977;Bamberg&Lauger,1973,Szabo&Urry,1978),amphotericinBa虹d
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nystat三n(Finkelsteh1&Holz,ユ973).Unfortunately,s三ncethecollductancedependency
asafunctioIIoflysoTPI.concentratio皿hasnotyetbeendetermined,howエnany
lysoTPImoleculescouldformasingleconductingchannelisuIlknown.AsTPI
moleculesareknowntoformaclassicalmicellei且water(Dawson,1970),lyso-
TPIcouldalsoformaspeciflcmicellei丘waterorinbilayers.Iti3expectedthat
anu皿beroflysoTPImolechlesparticipatetoformachannel.
Yafusoetal.(1974)reportedthat,inacertaincon母ition,oxidizedcholesterol
bilayeritselfshoweddiscretecondllctancelumps(approx.(5±2)×10『10S).So,itis
possiblethattheconductancejumpsreportedherearisedfromsomecompo皿entsi皿
theoxidizedcholesterol.However,thefactthatthesinglechannelconductanceof
lysoTPIchannelrema量 且edconstantonboththeox量dizedcholesterolandglyceryl一
皿onooleatemembranes,andthatthemagnitudeoftheconductancejumpswasmuch
lowerthanthatreportedbyYafuso,eta1.(1974)iIldicatedthattheobservedconduc一
重ancejumpsinourstudydid皿otarlsefromsomecontam三nat三 〇且ofthebilayermemb-
raneitself.TheformerfactalsosuggestedthatIysoTPI,likeEIMorgramlcidin,
formaporelikestructurewhichmayrelativelybestabletothechangeofitssurro-
undinglipidmoiety(Bean,1973;Hladky&Haydon,1972).Otherwise,thishypothesis
wasnotstrictlyexactforallcases.Verysmall(approx.1-3pS)orverylarge(approx.
20pS)conductancejumpswerealsobutrarelyobserved.
わ.Po63Cα++わ106ん 飾6漉 αηηθ1～
Oneofthei且terestingfeaturesofthemembranesmodifiedwithlysoTPIliesinthe
factthatthemelnbra且econductanceisstronglydepressedbyCa++。Itwasshownthat
themagnitudeofthesinglechannelconductallceoflysoTPIchallnelremainedconstant
tothechangeofCa++concentration,whereasthedwelltimesandthefraction(α/α
十 β)fortheopenstateofthechamlelweredecreasedwithCa++collcentration.Such
agatingbyCa++observedinlysoTPIchannelgreatelydiffersfromthegraded
blockingofthegram三cidinAchannelbyCa++(Bamberg&L註uger,ユ977),butis
similartothevoltage-dependentgatingobservedintheEIMchannelwherethe
dwelltimesfortheopenstateofthechannelweredecreasedwithappliedvoltages
(Alvarezetal.,1975;Ehrensteinetal.,1974).
HerewewilldescribethereasonswhyweemployedtheassumptionthatCa++
modulatedtherateconstantsoftheope且ingandclos量ngreact玉onofIysoTPIchannel
butnotthatCa+÷simplyblockedthechannel.
1)Atfreeorlessthan10-6MCa++,thetimestructureoftheco且ductancefbctu-
atio且swerenearlyidenticaltQthoseat10-6MCa++,1.e.,lysoTPIchannelfIuctuated
betweehopenalldclosedstatesirrespectivelyofCa++.Inaddition,dwelltimehisto-
gramsofthefluctuationsatvariousconcentraionsofCa++werewellfittedbyas量ngle
exponentialfunctionsuggest三ngthatthereactionshouldbedescribedbythefirst
orderkinet量cs.Thus,itwouldbe皿orereasonablethatCa++modulatedtheintrinsic
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channelfluctuationsthanthatCa++inducedanotherreact三 〇nsuchaschannel
bIocking.
2)AccordingtothediscussionbyBambergandLauger(1977),gradeddecrease
intheshlglechannelcollductancemightbeobservedifthetransittime(Tt)fortheion
permeantio皿wasgreaterthaRthetlmeconstant(Tb)fortheblock:ingreaction.On
theotherhand,ifTtwasmuchsmallerthanTb,allornonechangeinthesi㎎le
channelconductancemightberecorded。Theauthorsconcludedthattheformercase
seemedfeas玉blefQrgramicidinAchanne1.Ifwegrantedthatthelattercaseoccurred
inlysoTPIchan且el,weInustthenconsidertherelatiollshipbetweenTba皿dthetime
constant(Tc)fortheintri皿sicchannelfluctuations.IfTb《Te,allornonechangein
thesinglechal111elconductaロceshouldQccur,however,i且thiscase,becauseofthe
limittedbandwidthofourωrre皿tmeasuringsystem(10Hz),wecouldonlyobserve
timeaveragedl)lock量ngreactions,apparentlyagradeddecreaseinthesinglechannel
conductance.OnlyinthelimittedcaseTb:≦T。,anallor且oneco且ductancechange
could.beobserved.However,suchacasemighthardly6ccurfromphysicochemical
pointofview.ItisnaturaltoassumethatTbissmallerthanTcatleastbyseveral
orders.Thus,itseemsdifficulttointerprettheresultsshowninFig.24asachannel
block三ngbyCa++.
3)Whencha皿elwasblockedbycations,itissuggestedthatsaturatingordec-
reasi且gI-Vcurvescouldbeobserved(BambergandLauger,1977;Heckmahnetal.,
1972).However,aswascleariyshowninFig.20,theI-VcurvesoflysoTPIchannel
wereli且earirrespectivelyofCa++.
Thus,atprese皿t,wehavenostrongindicationforthechannelblockihgbyCa++.
TheseconsiderationsleadustospeculatethatlysoTPIchamlelmayhave
latingsitesandpermeatingsites.Ca++mightinteractwithbothsites,
stro且glywiththeformersites.Thisproblem,however,remainstosolve.
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ThedifferenceinCa++
arisedfromthelrmolecularstructure.Whilegramicidin
(Ba皿berg&Janko,1977),lysoTPIhasthreephosphates,a且d
negativenetchargespermoleculeatphysiologicalpH.
suchasCa++stronglybindstothisphosphatemo量etyresultingiRall
hydrophobicityofTPI.Basicallyasimiiar.hydrophilic-
wasobservedfora且aqueoussolutionoflysoTPI(u且publishedobservation).
likelythatthishydrophil量c-hydrophobic
stronglycorrelatedtotheopening-closingtrahsitionfortheIysoTPI
ManyauthorsrepresentativebyTasaki
.increaseassociatedwithnerveexcitationarisedfrom
sitioロofmembranemacromolecules.Thistran呂itionwassuggestedtobe
bothregu-
butmore
一effectbetwさenlysoTPIandgramicidinAchannelprobably
Ahasllotanyio血izablegroup
asaτesult,hasfive
Moreover,thedivalentcations
ilLcreaseofthe
hydrophobictransitionbyCa++
Itishighly
transidonforlysoTPIinaRaq血eoussystem
challnelstate.
(1968)havebeeni且sistingthattheconductance
hydrophobic-hydrophilictran-
triggeredby
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thereleaseofmembra且eboundCa++.So,itisreasonabletospeculatethattheclosed
stateforthechannelcorrespondstothehydrophobicstateforthechannelandthat
Ca++stabilizedtheciosedconfigurationofthechanneli且lipidbilayers.
Asmelltio且edabove,.Ca++decreasedthetransitionfrequencyoftheconductance
jumpsinducedbylysoTPLThismeansthatCa++increasedthehe三ghtofenergy
barrierwh三chseparatesthetwoconfigurationsofthechanne1.Someauthorsi且ter・
pretedthechangeoftheenergybarrieri丑termsofachangeinthefluidityof
membranematrix(Alvarezetal.,1975;Bean,1973; .Ehrenstein&Lecar,1977).
Therefore,Ca++seemstodecreasethemembranefluiditytoconstrai且thetransition
betweenthetwostatesoflysoTPIchannel.Thishyp6thesisisconsistentwiththe
recentknowledgethatCa++decreasedthefluidityofthel量pidbilayerscontaining
acidiclipid(Schnepeletal.,1974;Viret&Leterrier,1976).
ToconsidertheCa++一effectonlysoTPIchannelfurther,itisworthwhiletodiscussabout
theorigillofthespontaneousconductancefluctuat三〇nsoflysoTPIchannel.Theremay
beatleasttwopossibilitiestointerpretthespontaneousconducta且cefluctuations,
firstthatthefluctuationsoriginatedfromthemonomer-d三merreactionbetweenthe
abovementloned``halfpore"oneachsideofthemembranelikeasassumedfor
gramicidineAchannel,secondthatitarisedfromthespontaneousfluctuationsofthe
structureofthecompletedlysoTPIchannelinbilayermembranes,Itcanalsobespe-
culatedthatthefluctuationscamefromthediffusionofthechannelfromInembrane
towaterorviceversa..However,asthel旦corporatlonoflysoTPIintobilayers
occurredirreversibly(cf.S.3.3d),thediffusionhypothesismayl)elleglectedhere.
Recently,wefoundthat,inmany-channelmembaranes,theeffectofCa++occurred
independentlyoneachsideofthemembrane,namelyCa++ononeside.ofthememb-
ranedid且otaffectthehalfporeontheothersldeofthemembrane(cf.S.3.3b).The
totalconducatncewasproportionaltotheproductofthefractioコoftheopenstate
halfporeoneachsideofthemembrane(seeFig.15).Fromthisresult,monomer-
dimerhypothesisseemsmostfeasibleatpresentlConsideringinthisline,Ca++might
induceastructuralchangeofthehalfporetostabilizethemonomerformpreventing
theformatioRofdimerwhlchcorrespondstoaconductingchannel..However,the
mechanismoftheCa++一effectonthehalfporehasnotbeenresolved.Itisknowll
thatlysophospholipldshaveawedgellke(invertedcone)structuretoformaspherical
micelleandthatthestructureandthemicelleformofitwerestronglytransformed
byCa++(reviewedbyCullis&Kruijff,1979).Althoughitispossiblethatsucha
micelletransformationbyCa++maycorrelatetotheCa++一effectonthehalfpore,to
knowtheInolecularprofileofthegatingiRlysoTPIchannel,.itshouldbecarriedout
furtherstudiescombiningotherphysichoche皿icalmethods.
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1ntheprevioussections,theevidencesthatlyso-TPIformsaCa++一gatedunivalent
cationchannelhavebeenshown.However,theseresultsdonotimmedlatelymean
thatlysoTPIformssuchachannelinbiologlcalmembranes.Farfromit,therehave
beenno .reportonthepresenceofthisIipidinbiologicalmembranes..Therefore.to
substantiateanimportantroleoflysoTPIinthecontrolo正theionicpermeabilityof
bilogicalmembranes,.wemustatleastanswerthefollowingquestions:`●lstherelyso・
TPIinexcitableme皿bra皿esP"and"IslysoTPIrespohsibletGthest隻mulus-response
coupllngduringexcitationP".Thefirstproblemdoesnotseemsodifficult,buttoanswer
theseco皿dquestionseemsmuchdifficultbecauseofthehighcomplexityofusuall
membranes.Therefore,t6avoidthedifficu正tiesintheinterpret皐tionoftheexperi皿ental
resul‡s,wemustcarefullychoosethemembranesamplewhichhasthemostsimplified
systemfortheexcitation.
Weemployedacethylcholinereceptor(AchR)membranespurifiedfromelectropiax
ofIVσ 痂 θ ノ勿o疵6αastheexcitablemembranes.TheAchRisthemostcommonly
purifiedreceptorproteinwhic車hasspecificAchbindingsitesandatthesametime,
achan且elmechanismcontrolledbytheformer.Thismaybethesimplestsystem
whichkeepsexcitability,thereforetheidealsampleforourpurpose.Recelltly,ithas
becomerelativelyeasytoobtainAchRmembranesofhlghpuritybyalkaline-treatm㎝t.
Westudiedtheeffectsofanagonist,carbamylcholineon32p-incorpor斧tionbythe
phospholipidsofalkaline-treatedAchRmembranes.InNa+一richmedium,carbamyl-
cholinedrasticallyactivatedthelabellillgoftwosubstanceswhichseemedtobelysoPPI.
Ontheotherhand,inK+一richmedium,T戸Iincorporated32Palthoughnocarbamyl・
cholineeffectwasobtainedinthiscase.ThetypicalresultsareshowninFig.25
(Hayashi,Sok:abe,&Amakawa1981a).
Itisnoteworthythat,intheNa+一medium,carbamylcholineremarkablyenha且cedthe
phosphorylationofthetwosubstanceswhichgavetwodistinctbandsbelowTPI
onHPTLC.WehaverecentlyfoundthatautoxidationproductsofpurifiedPPIex-
tractedfrombovinebraingavethesamel)andsonHPTLCasthetworadioactive
bandsinducedbycarl)amylcholineintheAchRmembranes(unpubl三shed).Itiswell
knownthatautoxidationofhighlyunsaturatedphosphollpidsbr量亘gsabouttheformation
oflyso-likephospholipidsandshortacylchain(May&McCay,1968).Takingi皿to
thefactthatPPIhaveanarachidonicacidatβ 一position.(Holubeta1.,1970),thetwo
「
componelltswhichwereinducedbycarba卑ylcholi且eseemedtobelysophospholipids
producedfromPPI.
Fastoccurre且ceoflipidperoxidationfollowingstimulusreceptiononbllogica正
membra且eshasbeenreported(Kaganetal.,1973)」Thepresenceofhighlyunsatura-
tedfattyacidespeciallydocosahexaenoicacid(C22:6)characterizesthefattyacid
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(a)Autoradiogramafterthinlayerchro皿atographyofphospholipidsfromace-
thylcholinereceptorme皿branes.Theme皿braneswerelabeledwith[γ一32PコATPin
d三fferentconditionsasユndicated.Carb.``十"and``一"indicatepresenceand
absenceofcarbamylcholine(10-6M)inreactionmediu皿,respectively."Na"and
,`K"meanO.1MofNa+andK+inthe皿edium,respectively.Righthandside
columnillustratesphospholipidsvisualizedbyI2vapor.Tracespotsareshown
indottedlines.Purif玉edDPIandTPIwereaddedasacarrier.Trianglesmark
positionofTPI.CL,caldiolipin;PC,phosphatidylcholine;PI,phosphatidylino・
sitol;PS,phosphatidylserine;SM,sphingomyeline;DPI,diphospho圭nositide;
TPI,triphospho玉nositide;X、andX2,lysopolyphosphoinositides。(b)Carbamyl-
cholineinductionofdynamicchangesinthephsophorylationofpolyphospho-
inositidesfromacethylcholinereceptormembranes.Symbo至s,thesameasin(a).
(HayashietaL,1981a)
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compositioni且syllapticplasmamembranesaswelIastherodoutersegmelltofretina
(Daemen,1973.;Wheeleretal.,1975)).Therefore,itwassuggestedthatcarbamyl-
cholilleinducedthefastlipidperoxidationintheAchRmembranes.However.thereis
noevedencetoexcludethecolltributio且ofphospholipaseA,act三vitytothelysoPPI
productlon.Recently,weobservedasiniilarmetabolicchangeoflysoPPIbyphotic
stimulationinthediscmembranesfro皿rqdoutersegmentoffrogretina(Hayashi,
Sokabe&Amakawa,1981b).
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Morerecently,toconfirmthephysiologlcalroleofPPIandlysoPPIinbiological
membra亘esweemployedanewstrategywhereprotozoamutantsthatgelleticallylack
nomalioIIchanneIswereused.Pα 瑠 η60伽 翅'θ 〃 α耀61ゼαmutantsaτeunusuallyuseful
subjectsforthatstudy,becausemanybehavioralInutantswerewelldocumented,and
itscorrelationw五ththeionchannel-deficitwasalsowellestablishedbyelectrophysio-
logy(reviewedbyCronklte,1979).Weusedthreetypesofmutants,pσ 翻,ノ α3',and
71E。4一伽sθ η3漉 ρ6togetherwith瞬 」4typeasacontro1.
32Pi皿corporatio旦byPPIorlysoPPIweredistinctiveamongthesespecies
.Most
interestingresultwasobtailledintheル3'typemutantswhoseK+一channelwas
suggestedtohaveanincreasedpermeab量litytoK+comparedwiththatof"〃4type
(Satow&Kuhn,1976).Rapidandstro且g32Pi皿corporationbyPPIandlysoPPIwas
foundintheciliaand.dec玉1iatedbodyfractio且fromtheア 誌'typemutants(Sokabeet
al.,illpreparation).ThisgaveastrongsupportforthecorrelationbetweenlysoPPI
andK+一channelinthemembranesofグ θ3'typemutantsbecauseanyothermembrane
componentsdistlnctivefromwildtypehavenotbeenreported.
Thus,someevidencesthatsuggesttheimportanceoflysoTPIforionpermeati6n
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Fig.26.Possiblecontrolofmembranepermeal)ilitybylysoTPI.Afterstimulus
reception,activationofphospholipaseA20r1量pidperoxidationthrough
unknownpassway(indicatedbybrokenline)occurredtoproduce
lysoTPI.
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acrossbiologicalmembra且eshavebee且accumulated.Forthefuturework,wepropose
hereaprelimiraryhypothesisschematlzedi且Fig.26,whereastimulusdrivenmetabolic
chainwhichcouldproducelysoTPIisi且troduced.Hereafter,moreworksshouldbe
donetoverifythishypothesisuslngmanyotherexcitablemembranes.
0.PO砂p方05p乃0∫1ZO3∫'∫463ση44ア ㎏760班)'∫0η.
Finally,wecommentonthepossibilitythatPPImaytakepartnotonlyinion
permeatiollbutalsoindrugreception.Aminoglycosideantibioticssuchasstreptomycin,
皿eomycinetc.arewellknowエ1fortheirstrongo亡o亡ox三cactlon.Directadministra亡lon
ofthesedrugstotheinnerearbringsaboutarapidreductionofthechochlearmicro・
phonicpotelltlalsthatarisedfromthereceptorpotentialofhaircells(Lohdletal.,
i980).ItisalsowellknownthatneomycininhibitedPPImetabolisminvivoandvitro
(Schacht,1978).Basedontheseresults,itwassuggestedthatPPIInightbeapri血ary
receptorfortheseantibiotics,andthatPPImightparticlpatei且theelectricphenomena
i且theinnerear(Schacht,1976).
Usingartificialbilayerlipidmembranes,werecentlyfoundthatseveralam量nogly-
cosidesstronglyblockedlysoTPIchan旦el,andthatthepow6roftheblock:ingaction
amongdrugswaspararelledbytheototoxicity(Sokabe,HayaseandMiyamoto,1982).
Itisalsofoundthatami皿opyr三dineaspecificK+一channelblockerappreciablyblocked
lysoTPIchanne1(unpublished).
Inthisway,lysoTPIcanofferausefulmodeiforthestudyofmolecularevents
occurredillexcitablemembranes.Itisourdream,combiningartificialbilayerIipid
membrallesandbilogicalmembra皿es,亡oclarifythemolecularmechanism6fthechange
intheionicpermeal)ilityduringexcitatio且basedonaPPImetabolism.
SUMMARY
TPIisquantitativelyaminorbutmetabolicallyanactivecomponentofvarious
plasmalnembra且es,andhasahighaffinityforCa++.Owingtheseuniqueproperties,
TPIhasbeenspeculatedtohaveanimportantroleinthecontrolofionicpermeabil量ty
ofexcitablemembranes.1-lowever,thereisnodlrectevidencethatthi呂lipidpartici-
patesinmembranefunctions。
WetriedtocheckthepossibilitywhetherTPIaffectsthemembranepermeablllty
byincorporatingthislipidintoartificialbilayerlipidmembranes.Consequently,itwas
foulldthatlysoTPIallautox三d三zedproductofTPIcouldsuccessfullyforma .stable
catlonpermeablechannel.Thischan皿elselectivelypermeatedunivalentcations,but
wasi且hibitedbyasmallamountsofdivalentcationssuchasCa+÷.Inthisreport,we
centeredourinterestonthephyslcochemicalmechanismofthisconductanceinhibition
byCa++.
Inmacroscopicexperiments,itwascomfirmedthatCa+÷inhibltedtheK+一conductance
oflysoTPIchannelinacompetitivemanller,andthatthechangeinsurfacepotential
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adalittlecontributiolltotheconductanceillhlbitio且.Inmicroscopic(singlechannel)
experiments,itwassuggestedthatCa+÷gatedthechannelresultillginadecreasein
㌻heopenlngdwelltimesratherthanablockingmechanism.Thus,wecouldobtaina
evidencethatlysoTPIcouldformaCa+÷ 一gatedunivalentcationchannelinb量layer
lipldmembranes.Thischannelwasalsosensitivetoaminoglycosidesandaminopyri・
dineswhicharek血owntoblocktheionicchan且elinnervemembranes.However,
the.exslstenceoflysoTPIand量tsphysiologicalroleinbiomembraneshavebeenco-
mpletelyu亘known.
Prehminarystudiesontheseproblemswerecarriedoutbyusingsomebiological
membr孕nes.Inacethylcholinereceptormembranes,wefound!ysoPPIofwhich.phos-
phorylatlonwasincreasedbブcarbamylcholineolleofthepotentagon量st3toacethyl-
cholinereceptor.Inadditio且,atransientenhancementof32pincorporationbylysoTPI
byphoticstimu正at玉onwasobservedinthedisc皿embrallesfromfrogrodouter
segment・
Basedontheseresults,量twassuggestedthatthereactions(lipidperoxidationor
phosphollpaseactivatlon)thatcouldpro"ucelysoTPIhaveakeyroleimhemolecular
eventsdur三ngtheexcitatio皿ofblomembranes.
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